Introduction
Humans are one of the few species who have mastered bipedal locomotion and their foot has evolved to be the basis for such a specialised gait. The human foot alone comprises 26 bones, 33 joints and 19 muscles [1] . The bones are arranged to form a medial longitudinal arch which makes it ideal for its function of supporting the weight of the body and spreading the forces experienced during gait [2] . Aside from the structure of the bones there is a complex array of muscles, both internal and external of the foot, which combine with the somesthetic system to control balance and movement [3] . Kennedy et al. [4] reported the presence of 104 cutaneous mechanoreceptors located in the foot sole. Furthermore receptor distribution was primarily where the foot is in contact with the ground, and when the foot was unloaded no background activity was found. In addition there are more fast adapting units than slow suggesting a high dynamic sensitivity [4] . Collectively these factors evidence the role of the human foot in balance and movement control but what is less clear is the impact of wearing shoes on the human foot and whether this may influence movement control and associated variables during walking gait.
Anthropological evidence suggests that footwear began to be worn approximately 40,000 years ago [5] . This is hypothesised based on the observations of a reduction in toe length at this time indicating a reduction in reliance on and loading of the lesser toes during locomotion [6] . Furthermore as footwear has evolved from simple open-toe sandals to more complex items of fashion, with their design being increasingly dependent on aesthetics, the potential impact on foot function has been overlooked. Pointed toe and closed toe shoes have become increasingly prominent in Western societies and the restriction of area within the toe box potentially contributes to, now deemed common, toe deformities such as hallux valgus, a valgus deformity on the first metatarsophalangeal joint [7] . This is particularly a problem in advanced age with the over two thirds of the older population's feet being Habitual footwear use has been reported to influence foot structure with an acute exposure being shown to alter foot position and mechanics. The foot is highly specialised thus these changes in structure/ position could influence functionality. This review aims to investigate the effect of footwear on gait, specifically focussing on studies that have assessed kinematics, kinetics and muscle activity between walking barefoot and in common footwear. In line with PRISMA and published guidelines, a literature search was completed across six databases comprising Medline, EMBASE, Scopus, AMED, Cochrane Library and Web of Science. Fifteen of 466 articles met the predetermined inclusion criteria and were included in the review. All articles were assessed for methodological quality using a modified assessment tool based on the STROBE statement for reporting observational studies and the CASP appraisal tool. Walking barefoot enables increased forefoot spreading under load and habitual barefoot walkers have anatomically wider feet. Spatial-temporal differences including, reduced step/stride length and increased cadence, are observed when barefoot. Flatter foot placement, increased knee flexion and a reduced peak vertical ground reaction force at initial contact are also reported. Habitual barefoot walkers exhibit lower peak plantar pressures and pressure impulses, whereas peak plantar pressures are increased in the habitually shod wearer walking barefoot. Footwear particularly affects the kinematics and kinetics of gait acutely and chronically. Little research has been completed in older age populations (50+ years) and thus further research is required to better understand the effect of footwear on walking across the lifespan. considerably wider than the footwear available [8] . Additionally research has reported that wearing high heels of 5 cm or higher over a minimum of a two-year period has significant effects to the muscle-tendon unit at the ankle [9, 10] . Csapo and colleagues [9] found a significant reduction in the gastrocnemius medialis fascicle lengths and significantly greater Achilles' tendon stiffness in the high heels group, resulting in a more plantar flexed ankle position at rest and a reduced active range of motion. This demonstrates the modifiable nature of the foot-ankle complex and the importance of wearing appropriate footwear to maintain good foot health and function.
Research has also shown how certain footwear can directly influence function. A common feature of modern athletic footwear is that of increased sole thickness which is marketed as providing cushioning against harmful impacts. Recent research has demonstrated that wearing this type footwear evokes significantly increased activation in the Peroneus Longus suggesting greater interference to ankle stability [11] . Moreover, footwear has been shown to hinder the kinesthesia [12] , with greater awareness of foot position observed in volunteers standing barefoot compared with wearing athletic footwear. Whilst these studies are limited to investigation in standing, the findings suggest the possibility that footwear could be interfering with the functional ability of the human foot and if this corresponds to changes in gait.
The aim of this review is to systematically review the research investigating kinematic, kinetic and muscle activity variables during walking barefoot and in normal footwear to help improve our understanding of how footwear influences gait pattern.
Methods

Study design and search strategy
Reporting in line with PRISMA guidelines (www. prisma-statement.org) and through consultation with subject specific and systematic review experts the literature review methodology was developed. The literature search was performed across a variety of databases (Medline, EMBASE, Web of Science, Cochrane Library, SCOPUS and AMED) encompassing publications within the years of 1980-January 2014. The search strategy employed across the electronic databases is presented below: 
Study selection
One reviewer (SF), who had received training on database searching, completed all searches which were independently checked by a second author (LB). Differences of opinion were resolved through discussion or a third author. Citation checking and search of grey literature, including key conference proceedings within the last 3 years was also undertaken. Authors were subsequently contacted to determine if any relevant proceedings had since reached publication.
Inclusion criteria were determined a priori. Studies were required to assess gait characteristics between footwear in terms of spatial-temporal variables, kinematics, kinetics, and muscle activity and behaviour. Participants were to be healthy and able to ambulate independently such that their gait pattern was considered normal and would not influence comparisons between footwear conditions. They could be of any age group and either gender to observe any differences throughout age and include data from both males and females to draw comparisons from if possible. Overground walking and treadmill walking were both deemed acceptable in order to access all studies analysing barefoot walking gait characteristics. Studies of observational cross-sectional design were included to allow for review of the comparison between footwear conditions wear inclusive of socks, open-toe footwear such as sandals or flip-flops and slippers. Observational comparative studies were deemed suitable if they were comparing between habitually barefoot, who have grown up and continue to live without wearing shoes, and habitually shod, who wear shoes on a day-to-day basis, populations to determine changes which occur over long term use with or without shoes. Case-control studies were also included providing the control group fitted the participant criteria and data was available for conclusions to be drawn solely from this group with regard to footwear intervention. If both groups fitted the participant criteria, then providing that data was available these were included and comparisons were focussed on the separate group's response to the footwear intervention rather than the comparisons between groups.
Studies were excluded if the footwear included any interventions aside from the features included in the original footwear design such as separate insoles or orthotics. Any studies involving participants who required a walking aid to ambulate were also excluded along with participants who had a known previous or current gait disorder or condition that could influence their gait (unless the study also consists of a control group through which analysis can be drawn from). Studies were excluded if they used running, unless a walking test was also completed from which analysis could be solely focussed. Literature other than peer-reviewed journal articles and comparative studies were excluded from the review.
Data collection and items
Using a standardised form the lead reviewer independently extracted the data. Study characteristics included repeated measures designs between various footwear conditions and between subject comparisons in terms of habitual barefoot and habitual shod users. Included outcomes were any measures which assessed spatial-temporal, kinematic, kinetic or muscle activity/ behaviour variables.
Risk of bias across studies
To assess the methodological quality a bespoke critical appraisal tool was developed based upon the STROBE Checklist [3] for reporting observational studies and the CASP appraisal tool [1] . All articles were assessed on these questions which determine if all the required steps for successful scientific reporting were taken and if the relevant information is presented clearly in the scientific paper. A score of 1 was given for each question if the article satisfied the question and a 0 given if it failed to do so. A total score out of 20 was then given for each paper. The quality assessment of the selected studies was carried out by one reviewer (SF) and then repeated independently by a second author (LB). Any issues were discussed to achieve consensus of opinion.
Synthesis of results
It was not appropriate to combine studies for meta-analysis, therefore the results were tabulated for semi quantitative comparison of spatial-temporal, kinematic, kinetic and muscle activity/behaviour variables.
Results
Search results
The database search was completed in January 2014 and resulted in 924 records (155 Medline, 236 EMBASE, 222 Web of Science, 58 AMED, 9 The Cochrane Library, 244 SCOPUS) and a further 7 records were included from hand searches of reference lists, conference proceedings and contacting relevant authors in the field. Following removal of duplicates there were 466 records remaining from which analysis of titles and abstracts was undertaken. Twenty one articles were selected for full text screening of which 15 were deemed to meet the inclusion criteria and were subsequently used in the analysis. See Fig. 1 .
Methodological quality
In five articles [13] [14] [15] [16] [17] there was no description of the footwear characteristics and/or type of footwear worn in the trials. Seven articles [18] [19] [20] [21] [22] [23] [24] used a standardised shoe across participants or controlled for the type of footwear worn. Of the fourteen articles which consisted of footwear trial conditions eight [14, 16, [20] [21] [22] [23] 25, 26] were administered in a random order to avoid carry over effects. Only one study reported details on the period of recruitment, exposure and data collection as well as the setting and location [13] . Four studies failed to report any demographic information of their participants [13, 14, 19, 24] . Only two studies reported how they derived their sample size [21, 23] whilst only 3 studies reported effect sizes to illustrate the magnitude of the effect [15, 22, 27] . The breakdown of the results of the critical appraisal for each article is displayed in Table 1 .
Study characteristics
The included studies were conducted in a variety of areas. These included Australia [13, 21, 22] , the USA [14, 20, 23, 24] , Taiwan [25] , Germany [19] , France [18] , Brazil [15] , Switzerland [26] , Finland [16] , Mexico [17] , India [27] and Belgium [27] . Of the 15 included studies, 14 were within subject repeated measures design studies with one being a between subject comparison study [27] which comprised 3 subject groups: habitually barefoot, habitually minimally shod and habitually shod. The ages of participants in the studies ranged from 5 to 74 years old; however only two [15, 25] of the fifteen studies assessed participants of 50 years of age or older. Five studies [13, 14, 17, 19, 21] investigated differences between footwear in children under the age of 13, with the remainder investigating the response of young-middle aged adults to barefoot walking. These data are summarised in Table 2 .
Measurement approach
Two studies set a consistent gait speed with ten studies allowing for participants to self-select their velocity. Two studies monitored gait speed and then matched their gait speed on the treadmill and one study neither reported gait velocity nor acknowledged if it was self-selected or fixed. Fourteen of the fifteen studies analysed the differences between walking barefoot and wearing various types of footwear whereas the study by D'Aoû t et al. [27] was novel in its approach of comparing habitually barefoot walkers with two different habitually shod populations. Of the fourteen studies analysing walking barefoot in comparison to walking in footwear three studies investigated athletic shoes, two explored flip-flops and sandals and one investigated the effects of just socks. Five studies compared the effects of more than one type of footwear to barefoot with five studies being unclear about the type of shoes used in the studies. Seven of the fourteen studies used a standardised shoe across participants and in the case of the study by Wirth et al. [26] the flexible shoe condition was standardised but the conventional shoes were not. Eight studies collected spatial-temporal data, six studies assessed kinetic variables, five studies reported kinematic data, three studies used electromyography to study muscle activity patterns and one study used ultrasound to explore muscle contractile behaviour. Fig. 1 . Flowchart demonstrating the selection of articles through the review process.
Spatial-temporal variables
Walking barefoot compared to shoes results in a reduced step and/or stride length [13, 14, 17, 19, 20, 26] . This reduction is limited when walking in more flexible footwear [26] and reversed in older adults when walking in socks [25] . Walking barefoot was shown to correspond to an increase in cadence [13, 17, 19, 26] and similarly this difference was limited in more flexible footwear [26] . The difference failed to reach significance in the study by Oeffinger et al. [14] , but an increase was observed (134 steps/min barefoot, 126 steps/min in shoes). Other variables which showed significant differences from shoes to barefoot were that of percentage double support time decreasing [13] , stance time decreasing [13, 17, 23] swing time increasing [17] and stride time decreasing [13, 19] . Gait velocity differences between conditions was variable with some studies noting a decrease in velocity when barefoot [13, 17, 26] and some showing no significant differences [14, 19, 25] . Older adults (mean age 74.60 AE 7.21 years) were observed to reduce their gait velocity when walking in socks compared to barefoot [25] . The data is summarised in Table 3 .
Kinematic variables
There are considerable kinematic differences observed in various studies particularly with respect to changes in foot motion. Forefoot width and forefoot spreading under load during walking is significantly increased when barefoot compared to shoes [19] and sandals [18] in populations used to walking in shoes. There are also significantly reduced medial longitudinal arch length changes in shoes compared to barefoot [19] . In addition, anatomically, habitual barefoot walkers have been shown to have considerably wider feet than their shod counterparts, and this is particularly prevalent in the forefoot region [27] . Walking barefoot also led to a change in the ankle angle at initial contact with a significant increase in plantarflexion corresponding to a flatter foot placement compared to athletic shoes, sandals and flip-flops [14, 18, 21, 23] . Other variables of foot motion revealing differences between footwear are reduced eversion, adduction, external rotation and foot torsion when wearing shoes or sandals [14, 18, 19] . Aside from differences observed purely in the foot and ankle motion, footwear also appears to alter knee kinematics. An increase in knee flexion is observed at contact when walking barefoot [14, 23] but a greater knee and ankle ROM exists throughout stance when wearing footwear [23] . The summary of kinematic variables is displayed in Table 4 .
Kinetic variables
The kinetic variables described in the literature are quite varied and findings are at times contradictory between studies. For example, Oeffinger and colleagues [14] observed an increased hip extensor moment at terminal swing and decreased knee flexor moment at weight acceptance when walking barefoot compared to athletic shoes, whereas the opposite was observed in the study by Keenan and colleagues [20] . Keenan et al. [20] also reported a reduced hip flexor moment when walking barefoot which was supported by Zhang et al. [23] . Other variables which demonstrated significant differences between footwear conditions were a reduced initial peak vertical ground reaction force (GRF) [15, 20] reduced drop in force between primary and secondary vertical impact peaks [15] , reduced braking GRF [15, 20] and reduced propulsive GRF [15] when walking barefoot. These correspond to a decreased ankle dorsiflexor moment in early stance [23] and reduced ankle plantar flexor moments in late stance [14] which were also reported during barefoot walking. On the other hand Keenan et al. [20] and Zhang et al. [23] observed an increase in Table 1 Results of the methodological quality assessment following the critical appraisal tool developed based upon the STROBE Checklist for reporting observational studies and the CASP appraisal tool. The checklist offers a list of recommendations which should be included to ensure that all required steps for successful scientific reporting were taken and if the relevant information is presented clearly. A 1 in the table illustrates that this criteria was satisfied and a 0 demonstrates that this was missing. propulsive force when barefoot compared to athletic shoes. A decreased knee varus moment [20] and greater ankle inversion moment at late stance [23] were also reported when walking barefoot. Aside from joint forces and moments, plantar pressure and Centre of Pressure (COP) displacement data was also reported. Peak plantar pressures were reported to be increased when walking barefoot compared to in athletic shoes and flip flops under the calcaneus and metatarsal heads but there was no difference observed under the hallux region [24] . Peak plantar pressures and pressure impulses were observed to be lowest in habitually barefoot walkers under the heel and metatarsal regions [27] . There were however lower relative peak plantar pressures witnessed under the toe and midfoot regions in the Western habitually shod group [27] . In terms of COP displacement, larger mediolateral but reduced anteroposterior displacements were observed when walking barefoot compared to flip-flops, sandals and athletic shoes [23] . Data is summarised in Table 5 .
Muscle activity and behaviour
Three studies used electromyography measures to determine differences in muscle activity patterns during walking in footwear and barefoot. The variables of interest included mean peak amplitude (reported in mV [22] or % of MVC [26] ), time to peak amplitude (reported in terms of % of gait cycle [15, 22] ) and maximum peak amplitude (reported as % of MVC [26] ). Scott et al. [22] stated that tibialis anterior (TA) displayed a significantly reduced mean peak amplitude from shoes (0.12 mV) to barefoot (0.09 mV) (p < 0.001), an increase in peroneus longus (PL) mean peak amplitude (0.17 mV barefoot, 0.13 mV flexible shoe, 0.14 mV stability shoe) (p < 0.05) and no difference in the medial gastrocnemius (MG) (0.06 mV for all three footwear). However the time to peak amplitude occurred later in the TA (6.02-5.53%) (p = 0.008) and PL (50.11-47.55%) (p = 0.004) barefoot compared to the flexible shoe and stability shoe respectively and occurred earlier in the MG compared to the stability shoe (41.58-43.80%) (p < 0.001) [22] . Conversely, Sacco et al. [15] demonstrated that although not significant (p = 0.06) there was a trend towards the peak amplitude in the TA occurring later in shoes (CG: 5.46-6.52% DG: 5.61-6.58%). Sacco et al. [15] also reported that the Vastus Lateralis time to peak amplitude occurred significantly (p = 0.002) earlier when barefoot (CG: 10.76-15.47% DG: 14.14-15.35%). It is worth noting however that these statistics comprise both the control and diabetic group data and there is no statistical test reported stating whether these groups are similar. A slightly higher mean amplitude was observed in various back muscles (Lumbar Iliocostalis p = 0.015, Sternocleidomastoideus p = 0.008) and neck extensor muscles (p = 0.003) when barefoot compared to conventional shoes [26] . The same tendency was observed in the Lumbar Longissimus, the Lumbar Multifidi and Trapezius Pars Descendens; however these did not reach statistical significance. In comparison to the flexible shoe condition mean amplitude was only significantly higher barefoot in the Sternocleidiomastoideus (p = 0.01) [26] . Wirth et al. [26] also reported that the maximum amplitude in the Neck Extensor muscles exhibited a significantly higher (p = 0.02) amplitude barefoot than in conventional shoes. These differences although significant are relatively marginal in absolute terms with the mean activity ranging from a change of 0.23-0.47% of the maximum voluntary contraction. With no effect sizes being reported it is difficult to comment on the strength of the difference. Cronin and Finni [16] found no significant differences in soleus or medial gastrocnemius fascicle length or velocity changes between footwear despite seeing significant differences in the spatial-temporal characteristics of gait.
Discussion
The aim of this systematic review was to explore the research on walking barefoot to help understand the effect that wearing footwear has on gait kinematics, kinetics and muscular activity. It was also possible to compare different footwear types and how closely they link to walking barefoot in terms of the variables of interest.
A marked discrepancy in the results of some studies is observed with respect to changes in gait velocity between footwear conditions, with some studies reporting a reduction in velocity when barefoot and some reporting no significant difference. This is potentially explained by the familiarity or variability of the footwear used. A standardised shoe was employed in the studies finding no significant differences, whereas in the studies that noted a decrease in gait velocity when barefoot participants used their own habitual shoes. This suggests that the familiarity of the shoes worn by participants potentially has a significant impact on gait parameters such as gait velocity and thus future studies investigating such parameters should take this into consideration when designing their methodology.
Results were more conclusive regarding step and/or stride length differences with many studies observing a clear reduction when walking barefoot. Some authors suggest this could be due to a pendulum lengthening effect such that the extra weight of the shoe leads to greater inertial load during the swing phase and a corresponding increase in step length [14] . This reduction in stride length was shown to be limited in more flexible shoes. The weights of these were not reported. However, based on the descriptions of the footwear and the type of footwear they were compared against, it can be assumed that these were significantly lighter, supporting the pendulum-lengthening suggestion. On the other hand, the change in stride length may not be purely due to increased weight Wolf et al. [19] Keenan et al. [20] Oeffinger et al. [14] Tsai and Lin [25] Barefoot or Athletic Shoes as Tsai and Lin [25] observed a reduction in the stride length from barefoot to socks in older adults. This suggests that in this population a mechanism other than that of distal weight influenced their gait performance to bring about a change in their stride length. Interestingly, no difference was observed in younger adults suggesting that wearing only socks influences those with reduced gait performance to a greater extent. It could be proposed therefore that the observed changes in stride length are as a result of a change in gait concerned with gait stability as opposed to purely an inertial difference. A significant increase in ankle plantarflexion was observed when walking barefoot in a number of studies resulting in a flatter foot placement at contact [14, 18, 21, 23] which also corresponds to a delayed and reduced mean peak amplitude of the Tibialis Anterior (TA) [22] . The removal of shoes often leads to a reduction in the contact surface area which may increase the risk of a slip. Therefore this increase in plantarflexion when barefoot could be explained as a method of increasing the surface area of the foot at contact. Further to reducing the risk of a slip, increasing the surface contact area appears to have a considerable effect on plantar pressures and impulses. D'Aoû t and colleagues [27] compared habitual barefoot walkers, who have never worn shoes, with habitually shod subjects, who wear shoes on a daily basis outdoors, and also incorporated an intermediate group of habitually minimally shod users who normally wear open-toed footwear such as flip-flops or sandals but walked mostly barefoot as a child in accordance with native habits. They used plantar pressure plates to analyse the long term effects that footwear use has on foot function and foot shape during repeated barefoot walking trials. They observed that the habitual barefoot walkers, displaying an anatomically larger plantar foot area, had significantly reduced peak plantar pressures at the heel and metatarsal regions compared to the habitually shod populations. This suggests that due to a larger plantar surface area the habitually barefoot walkers are able to distribute the pressures more evenly across the foot. Additional to the anatomical differences in foot area, the habitual barefoot walkers were also observed to adopt a flatter initial foot placement thus further allowing for distribution of pressures across a larger area. D'Aoû t et al. [27] also state that a flatter foot placement allows for the pressures to be distributed over a longer period of time, reducing the pressure impulse, instead of being applied quickly at one point at initial contact and then relatively low pressures following this as observed in shod populations. Clearly these findings from the participants in the study by D'Aout et al. [27] suggest that this is as a result of habitual lack of footwear. However, it must be noted that there are other differences besides the lack or presence of footwear between these populations. The habitually shod population have grown up in a Westernised environment compared to the native 
Study
Conditions Results Oeffinger et al. [14] Chard et al. [21] Zhang et al. [23] Barefoot ( Wolf et al. [19] Barefoot ( rural environment of the habitual barefoot walkers. They are therefore clearly not of the same population and thus comparisons drawn between them must be taken with caution. Other factors such as walking surface (roughness and compliance), stature or age, which were different between the groups, could also account for a portion of the variance observed other than that of simply the lack of footwear worn. However the authors are aware of this issue and discuss it in their paper whilst highlighting the need for similar population groups as a suggestion for future work. Nonetheless, it is interesting to see a similar change in foot kinematics being observed in shod populations following a brief switch to walking barefooted thus suggesting it may be an inherent response. Even so, it must be stated that for those who are accustomed to wearing shoes, walking barefoot results in increased plantar pressures at the heel and metatarsal regions compared to walking in shoes or flip-flops [24] . Of note however is the observed reduction in the initial vertical peak ground reaction force witnessed in habitually shod participants walking barefoot [20, 15] . Furthermore there was a reduced drop between vertical GRF peaks, suggesting that forces were distributed throughout the stance period more when barefoot as opposed to a greater initial impulse followed by a reduction in force prior to a secondary steep rise to the second peak GRF. This is similar to that suggested by D'Aoû t et al. [27] from the plantar pressure data in the habitually barefoot participants. This indicates that acute and long term exposure to barefoot walking changes the kinematics and associated kinetics such that forces are spread more evenly over time. This is also consistent with barefoot running literature whereby a smooth force profile is observed when running barefoot. An abundance of research [28] [29] [30] [31] has observed that in barefoot runners there is the absence of, or a distinct reduction in, the impact force transient contrasting that of when running in shoes. It is explained by a more plantarflexed foot strike when running barefoot which enables better use of the Windlass mechanism and absorption of load by the lower limb musculature. This reduction in force peaks and with the force being spread more evenly over time also appears to have an impact on the joint moments experienced by participants with differences being reported between footwear. A reduction in the hip extensor, hip flexor and knee varus moments in the early stance phase were observed when walking barefoot [20, 23] which was contrasted by an increase in the knee flexor moment [20] . The authors suggest that these differences in joint moments are likely to be the result of the reduction in stride length; however, they are relevant to the onset and progression of osteoarthritis. Increased knee varus moments are particularly important in terms of medial compartment knee osteoarthritis and thus the reduction observed during [20] Zhang et al. [23] Barefoot ( Sacco et al. [15] Barefoot (BF), 2x athletic shoes (AS) barefoot walking could be potentially significant. The authors explain that this is likely due to the raised heel and medial arch support present within the shoes which have both previously been shown to increase knee varus moments [32] . This could potentially have relevance in the recommendations of athletic shoes with a raised heel and arch support to individuals particularly at a greater risk of developing osteoarthritis. It has been noted previously that gait varies with age, thus caution must be taken when generalising the results across age groups without primary research being undertaken in older populations. It is apparent that some of the findings from this review, particularly surrounding those aspects concerned with the progression of deleterious joint conditions as well as balance and fall risk, are most relevant to the older population. However a notable finding from the review was that very little research has been completed in older age populations. Of the 15 articles in the review only 2 included participants over the age of 50 with the majority focussed on young or middle aged adults. Thus it seems necessary for research to be replicated in this population and assess if the same responses to barefoot walking are experienced.
Forefoot
Research into footwear use in children is also of great interest as footwear can have a lasting impact on the developing foot. With this in mind a number of articles reported data suggesting that footwear could potentially be restricting the natural motion of the foot thus affecting its development. Morio et al. [18] and Wolf et al. [19] both reported a significant increase in the forefoot width and forefoot spreading under load barefoot compared to walking in shoes [19] and sandals [18] . This demonstrates that the shoes are somewhat limiting the motion of the foot in the forefoot region and not allowing it to spread under the load and utilise its structure. In addition to potentially affecting the load bearing mechanisms of the foot, long term use of these footwear could be affecting the anatomical structure of the foot and observing the feet in older adults supports this. Research by Chaiwanichsiri et al. [33] indicates the prevalence of foot problems in older adults. They report that 87% of cases suffer from at least one form of foot deformity with 45.5% exhibiting hallux valgus and in these subjects 10% of men and 20% of women also had overriding toes and 87% had callus formations as a result. This prevalence of foot problems is supported by Menz et al. [34] who also stated that 87% of cases registered at least one foot problem and indicate that foot problems are significantly associated with reduced gait performance and their risk of falling. Insufficient room in the forefoot region of shoes could somewhat explain the occurrence of these conditions, and the data from the habitual barefoot walkers in the D'Aoû t et al. [27] study exhibiting significantly wider feet and forefoot spreading also supports this. Thus, ensuring that footwear does not impact negatively upon foot development is of vital importance to reduce the prevalence of foot problems and to allow the foot to function as it would naturally. Another difference of note between walking barefoot and in shoes was that of changes in terms of medial longitudinal arch function. Wolf et al. [19] indicated that significantly reduced changes in length were observed when walking in shoes compared to barefoot thus suggesting that shoes inhibit the windlass mechanism. This is explained by that under load at contact the arch is under pressure to flatten thus tension is created along the plantar fascia to maintain the structure. This tension then recoils at push off causing the arch to rise; reducing the distance between heel and metatarsals. The reduction in the length changes of the arch in footwear indicates that this mechanism is somewhat inhibited. Longitudinal arch differences were also observed between habitual barefoot and habitual shod populations [27] . The habitually Western shod population generally had higher arches but significantly greater variability from very low to very high arches whereas the barefoot and minimally shod groups had lower arches but very little variation. This suggests that varied footwear use causes changes within the foot's structure and can lead to the extremes in arch height which are commonly associated with foot problems. Excessively high arches reduce the area of support and Chaiwanichsiri et al. [33] noted that patients with pes planus, denoted as the lack of a medial longitudinal arch, had a reduced risk of falling. The authors suggest that the greater area of support could be the reason for this. Clearly this is an extreme condition of a lower arch and comes with associated problems, such as the lack of an effective windlass mechanism and over pronation. However as highlighted in the habitual barefoot population having lower arches than their shod counterparts [27] , aspects of modern footwear design such as arch supports could be forcing our feet into unnatural positions not allowing for normal foot function and resulting in weakness. This could explain the higher variability and prevalence of arch related foot problems in the shod populations and further research into ensuring footwear is designed such that it does not affect foot development and function is necessary.
It must be stated however that removing shoes and walking outside purely barefoot is likely not feasible to most populations. Shoes do offer a protective surface against the likelihood of cuts, abrasions and infections from mechanical insult and debris [31, 35] . As research has suggested that flexible, lighter, minimalist footwear is more similar than normal footwear in kinematics and kinetics to that of when barefoot running [31] and walking [19, 26] , footwear design should focus on finding the balance between ensuring that the foot will be protected by the shoe whilst allowing for natural foot motion and structure to be maintained.
There are certain limitations of this review namely that of a wide range of variables being reported within the studies thus the subsequent lack of the ability to complete a quantitative metaanalysis. Additionally by limiting the sample population to that of healthy with no gait impairments we were unable to observe any effects of barefoot walking in patients with disorders which could have disrupted their gait and thus our findings cannot be applied to these patient groups.
Conclusions
We have systematically reviewed studies investigating differences in gait variables between walking barefoot and in shoes and highlighted how habitually shod populations react acutely to barefoot walking and how habitual barefoot walkers vary to those who wear shoes on a daily basis. Long term use of footwear has been shown to result in anatomical and functional changes including reduced foot width and forefoot spreading under load probably due to the constraints of the shoe structure. Walking in footwear is associated with an increase in stride length and greater dorsiflexion at foot-ground contact. Lighter and more flexible footwear appears to elicit reduced differences in gait kinematics to walking barefoot. A reduced initial vertical impact force and more even distribution of pressure across the foot is experienced when walking barefoot which is likely to be as a result of a larger contact surface area achieved via a flatter foot placement. Little research on barefoot walking has been completed in adults approaching older age where foot problems and gait deficiencies are most prevalent and thus investigation into this population is required to determine the impact of barefoot walking across the lifespan.
